The effects of the benzodiazepine antagonist Ro 15-1788 20mgkg"' after "general anaesthetic" doses of several benzodiazepines were studied in mice, in order to determine if the effects of the latter were attributable to an action at benzodiazepine receptors. Male CDI mice were used and the end-points for anaesthesia were loss of the righting reflex and loss of the foot pinch reflex. The effecu of midazolam, and to a lesser extent those of chlordiazepoxide and of diazepam on these reflexes, were antagonized partially by Rol5-1788. When the antagonist was given after high doses of flurazepam, convulsions were produced. Calculation of the likely membrane concentrations of the benzodiazepines showed that these fitted the lipid solubility correlation for general anaesthesia. Ro 15-1788 did not decrease the lethal effects of the benzodiazepines. With flurazepam, chlordiazepoxide and diazepam it caused signs of hyperexchabihty, which in the case of flurazepam led to the death of the nnimal«
Recent theories of the mechanisms of general anaesthesia have involved the physicochemical effects of these agents on the lipid bilayer of neuronal membranes and have suggested that the production of general anaesthesia does not involve binding of the drugs to specific receptor sites (Miller et al., 1972) . Receptor binding sites have now been described for both the benzodiazepines (Squires and Braestrup, 1977) and the barbiturates (TickuandOlsen, 1978) , and these receptors appear to mediate the potentiation of the effects of the inhibitory transmitter yaminobutyric acid (GABA) by these agents. It is thought that the "GABA-receptor-ionophore complex", which has been isolated, bears separate receptors for GABA, for benzodiazepines and for the barbiturates. The result of the interaction between GABA and its receptor site is to increase the chloride conductance of the membrane and both benzodiazepines and barbiturates increase this effect (Study and Barker, 1981) . However, it is not yet known to what extent this effect is responsible for the pharmacological effects of these compounds in vivo, either in nnimais O r in man. We were interested in determining to what extent action at the receptor sites is responsible for the "general anaesthetic" actions of the benzodiazepines.
It has been stated that the benzodiazepines do not cause " a true general anaesthesia" (Harvey, 1980) given alone, but they are widely used in anaesthesia as "induction agents" (Reves, Corssen and Holcomb, 1978; Forster et al., 1980; Dundee and Kawar, 1982; Dundee, 1983) . Their basic pharmacological properties have been reviewed recently Haefely, 1983) . In the discussion of their study of the effects of a variety of general anaesthetics on recorded cortical evoked responses in rats, Angel and Gratton (1982) stated that the benzodiazepines produce "a state resembling, behaviourally, anaesthesia" but that "this is obviously achieved in a different way from that produced by general anaesthetic agents". Bradshaw and Pleuvry (1971) found that the patterns of central depression caused in mice by benzodiazepines and by a barbiturate were very different. The definition of "general anaesthesia" is complex and the measurement of general anaesthetic potency in animals presents many problems. We have used two simple behavioural end-points, which have been widely used in animal studies of general anaesthesia to quantify this effect.
Recently, compounds have been described which bind to the benzodiazepine receptor and act as competitive antagonists at this site (Hunkeler et al., 1981) . One of these, Ro 15-1788, is undergoing clinical trials and has been suggested for use in benzodiazepine overdose (Darragh et al., 1981 (Darragh et al., , 1982 Scollo-Lavizzari, 1983) . Therefore, we thought that it would be of interest to test the effects of this compound against the actions of "anaesthetic" doses of benzodiazepines in animals Ro 15-1788 has been shown to antagonize certain pharmacological effects of the benzodiazepines, such as their anxiolytic and anticonvulsant actions, but not those described as "non-specific", such as the depression of the contractions of the guineapig ileum, seen with high concentrations (Hunkeler et al., 1981) . We have studied the effects of this antagonist against the "general anaesthetic" effects of several benzodiazepines, in mice, to determine whether these effects were the result of action at benzodiazepine receptor sites or of "non-specific" properties, related to their lipid solubility. During these experiments we observed interactions between Ro 15-1788 and flurazepam (and to a lesser extent chlordiazepoxide and diazepam) which may have importance in connection with the suggested therapeutic use of antagonists in benzodiazepine overdose (Scollo-Lavizzari, 1983 ).
MATERIALS AND METHODS
Male CDI mice (20-25g) were used throughout. The presence or absence of the righting reflex and the foot pinch reflex, defined below, were determined during the 30 min following the administration of the benzodiazepine by an observer who did not know which treatment the animals had received. The loss of the righting reflex is a standard method for measurement of anaesthetic potency, and the foot pinch reflex is, strictly, an antinociceptive test. However, we included the latter test in these experiments because of the well-known muscle relaxant properties of the benzodiazepines, which make it difficult to determine when an animal is anaesthetized.
Ro 15-1788 20mgkg~1 or its vehicle, were injected subcutaneously followed, 5 min later, by the benzodiazepine, given i.p. The vehicles used to make the drug suspensions were: midazolamdistilled water; chlordiazepoxide -distilled water; flurazepam -isotonic saline; diazepam -either propylene glycol: ethanol:water (2:1:3) or (see below) Tween 80 (1 drop in distilled water 10 ml); Ro 15-1788 -Tween 80 (1 drop in distilled water 10 ml).
"Loss of righting reflex" was defined as the inability of the animal to regain a normal posture within 5 min of being placed on its back.
"Loss of foot pinch" was defined as the absence of any response to a firm pinch of the hindfeet using blunt forceps. This test was performed a maximum of three times on any one animal.
All drugs were obtained from Hoffman-La Roche Ltd and suspensions were freshly made before each experiment.
The experiments with diazepam were complicated by the fact that the vehicle used (propylene glycol-ethanol-water) possesses pharmacological activity. Therefore, comparison was made of its actions when dissolved in this vehicle and when suspended in Tween 80 (polyoxyethylene sorbitan moneoleate). Studies in our laboratory have shown no overt pharmacological activity of Tween 80 in mice in vivo.
During the study of the effects of Ro 15-1788, excitant effects were noted and these were scored by the observer as either "preconvulsive" or "rotational convulsions" (see Results). The presence of full convulsions made it impossible to score for the above reflexes so the results in the tables for these instances were marked as ?.
Significances of the changes were determined by Fisher's exact test (Armitage, 1971) . The ED*, values for midazolam were calculated by the method of Litchfield and Wilcoxon (1949) .
RESULTS

Ro 15-1788 20mgkg"
1 antagonized the effects of midazolam 200mgkg~1 on the righting reflex (P<0.01), but 400mgkg-1 did not affect significantly the loss of foot pinch or righting reflex (P> 0.1) (table I). The latter dose of midazolam had lethal effects which were not altered by the antagonist. The ED50 for loss of righting reflex for midazolam was increased from 92mgkg~' (95% confidence limits 74-114mgkg~1) to SSOmgkg" 1 (95% confidence limits 241-508mgkg" 1 ) by Ro 15-1788 20 ing kg"
1 . This dose of antagonist was chosen from earlier studies which showed that it prevented totally the anticonvulsant effects of flurazepam (Bichard and Little, 1982) .
The effects of chlordiazepoxide SOOmgkg-1 on the righting reflex were prevented by Ro 15-1788, as were the effects of 1200 mg kg" 1 on the foot pinch reflex (table II) (P<0.01). The loss of righting reflex caused by chlordiazepoxide 600 or 1200mgkg" 1 was unaffected by the antagonist (P>0.1), and the mortality was unaltered (P<0.01). When Ro 15-1788 was given with the two larger doses of chlordiazepoxide, signs of hyperexcitability were noticed which we have described as "preconvulsive" in table II. These consisted of stretching and stiffening of the body, arched back, stiff curved tail, twitching of muscles when disturbed and "paddling" or "boxing" move-ments of the forelimbs. These signs were not seen when chlordiazepoxide alone was given.
When Ro 15-1788 was given with the high doses of flurazepam which were needed to cause loss of the reflexes, the animals convulsed (table III) . Convulsions consisted of generalized clonic seizures which were often vigorous enough to throw the animals out of the cages. During these seizures rotational movements around the head and tail axis were often seen. This pattern was observed in all animals given the two higher doses of flurazepam and Ro 15-1788, but never when these doses of flurazepam were given alone (table III) . Because of the occurrence of these convulsions, it was not possible to see whether the effects of flurazepam on the reflexes were prevented by the antagonist.
The interactions between diazepam and Ro 15-1788 are illustrated in table IV. As described in the Methods section, diazepam was studied both dissolved in the propylene glycol mixture and suspended . Ro 15-1788 prevented the effects of diazepam 50mgkg~' (in propylene glycol) on the righting reflex (P<0.01), but this dose did not affect the foot pinch response. When we attempted to study the effects of diazepam 100 mg kg" 1 it was found that an equivalent volume of the vehicle caused loss of both reflexes in some animals The effects of diazepam at this concentration were difficult to interpret, and for higher doses the diazepam was suspended in Tween 80, which when given alone did not affect the reflexes. Considerably higher doses of diazepam were tolerated when it was administered in this way, and near-lethal doses were needed to cause loss of the reflexes. However, the loss of these reflexes when Ro 15-1788 was given was not significantly different from when no antagonist was given (P>0.1), and the lethality was unchanged. With the highest dose of diazepam (800 mgkg-1 ) and Ro 15-1788, signs of hyperexcitability were seen which were very similar to those described for chlordiazepoxide and these did not occur with this dose of diazepam alone.
DISCUSSION
The doses of benzodiazepines required to cause loss of the righting reflex or the foot pinch reflex, or both, were very close to the lethal doses of these compounds. The antagonism of the effects of these high doses of the benzodiazepines was partial and was most marked with the loss of righting reflex. At higher doses Ro 15-1788 has been shown to have actions similar to those of the benzodiazepine (Nutt, Cowen and Little, 1982) and 10 ing kg" 1 has been shown to provide 91% receptor occupancy (when given by the oral route in rats (Petersen et al., 1982) ) so it would not have been useful in the present study to increase the dose used. This lack of full antagonism suggested that part of the "anaesthetic" effect was the result of an action at a site or sites other than the benzodiazepine receptors.
The results highlight the difficulty of measuring general anaesthesia in animals, as in some instances the righting reflex was lost, whereas the foot pinch reflex remained, suggesting that the muscle relaxant effect was being measured rather than the presence of general anaesthesia. The fact that near lethal doses of the compounds were required before either of these reflexes was lost suggests that the effect seen may have been toxic (that is, non-reversible) rather than anaesthetic. It was clear that the antagonist did not decrease the lethality of the compounds. Despite their description as "induction agents" it appears that, in this species at least, there is only a very narrow range over which these drugs produce a state which can be called "anaesthesia". Hunkeler and colleagues (1981) reported antagonism by Ro 15-1788 of "preanaesthesia" caused by flurazepam in monkeys. It has been shown that responses to painful stimuli in animals are not prevented by benzodiazepines (Stembach, Randall and Gustafson, 1964) and much of their usefulness in humans may result from retrograde amnesia. As yet, there is no pharmacological method of antagonizing anaesthesia, although claims have been made for physostdgmine in man (Caldwell and Gross, 1982) . A reversal of the anaesthetic effect of the benzodiazepine by high pressure has been reported in rats, similar to that seen with the true general anaesthetics, but the agent used was diazepam and the solvent used was not reported (Gran, Coggin and Bennett, 1981) . In the present study the commercial solvent (propylene glycolethanol-water) increased the lethal and the "anaesthetic" effects of the benzodiazepine-effects reported previously by others (Bradshaw and Pleuvry, 1971) . In other (unpublished) studies in our laboratory we have found changes in convulsion threshold in rodents with this mixture and effects of propylene glycol have been found in other animal tests (Coles, Ellis and Holmes, 1984) .
The convulsions seen after flurazepam plus Ro 15-1788 may have been the result of effects at sites other than benzodiazepine receptors which were normally obtunded by the central depressant action of flurazepam and which were "unmasked" by the antagonist. Flurazepam is largely metabolized to desalkylflurazepam and this, or other metabolites, may have been responsible for the convulsions (Kaplan et al., 1973; Greenblatt et al., 1981) . The characteristic "rotational" convulsions resembled those seen after d-allylglycine, and which may result from the inhibition of glutamic acid decarboxylase in certain areas of the CNS (Orlowski, Reingold and Stanley, 1977; Horton, Chapman and Meldrum, 1978) . There was also a similarity to the behavioural effects of benzodiazepines active at the recently described "micromolar" receptor, especially the "boxing" or "paddling" movements of the limbs (File and Marbutt, 1983) . Flurazepam itself has a lower affinity for this receptor than chlordiazepoxide or diazepam (Bowling and De Lorenzo, 1982) , but data were not available for its metabolites. Hyperexcitability after flurazepam alone has been reported (Randall et al., 1969 ), but we did not see it in the absence of Ro 15-1788. Barr and Lithgow (1983) reported that newborn rats convulsed after flurazepam, but this effect was prevented, rather than precipitated, by Ro 15-1788. It is recognized that these results were obtained only in mice and that there may be species differences, but they suggest that Ro 15-1788 may be disadvantageous in benzodiazepine overdose.
In view of the incomplete antagonism of the "anaesthetic" effects of the benzodiazepines by Ro 15-1788, we thought it possible that these were caused by non-specific actions on the lipid bilayer, as described for other general anaesthetics (Pang et al., 1980) . Therefore, we calculated the probable concentrations of each compound in the cell membrane (table V) to see whether these fitted the lipid solubility correlation, found for a large number of general anaesthetic agents (Mullins, 1954; Miller, Paton and Smith, 1967; Miller et al., 1972) . Similar calculations have been made for some conventional anaesthetics, for comparison. Clearly, many assumptions have been made in table V. The aqueous phase concentrations will lie between those calculated for extracellular fluid and those for total body water; the situation is not in a steady state and the influence of metabolites has been largely omitted. The proportion of protein binding has been extrapolated from data obtained using lower concentrations and complete absorption from the injection site has been assumed. The relationship between aqueous concentration, partition coefficient and membrane concentration is not as simple as presented (Me Farland, 1970; Hansch and Clayton, 1973) . However, despite these caveats, the concentrations calculated are similar for all the compounds and are very close to those estimated for many general anaesthetics. For example, Seeman (1972) calculated values between 0.04 and 0.18 mol litre" 1 and Pringle, Brown and Miller (1981) calculated values between 0.016 and 0.037 mol litre" 1 .
We conclude from these results that the "anaesthetic" effects of the benzodiazepines do fit the well known lipid solubility correlation, but the doses required in mice are near lethal ones and the situation is complicated by the benzodiazepine receptor actions, which may affect those changes which are used as measures of general anaesthesia in animals, for example, muscle relaxation would contribute to loss of righting reflex.
A preliminary account of this work was presented at the Anaesthetic Research Society Meeting, Sheffield, March 1983. Se estudiaron en ratones los efectos del Ro 15-1788 antagonfstko de la benzodiazepina en dosis de 20mgkg~l despues de la administracion de dosis de "anestesia general" de varias benzodiazepinas con el objeto de determinar si los efectos de estas podian atribuirse a una accion en los receptores de benzodiazepina. Se usaron ratones CDI machos y los puntos termisales de la anestesia eran la perdida del reflejo de recuperacion del equilibrio y la perdida del reflejo de pellizco de la pata. Los efectos del midazolan, y hasta un punto menor, los del clordiazepoxido y del diazepan sob re dichos reflejos fueron parciahnente antagonizados por el Ro 15-1788. Cuando el agente antagr»ni«ti<^'i'^»d'TiiniBtn»-ba despues de ahas dosis de flurazepan, ocurrian convulsiones. El calculo de las probables concentraciones en la membrana de las benzodiazepinas demostnS que estas correspondian a la correlation de la solubilidad de los lipidos para la anestesia general. El Ro 15-1788 no hizo bajar los efectos letales de las benzodiazepinas. Con el flurazepan, el clordiazepoxido y d diazepan, ocasiono senates de hiperexcitabilidad que, en el caso del flurazepan, causo la muerte de los animales.
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